The Infrared Spectral Imaging Radiometer experiment was flown on a space shuttle mission as a shuttle hitchhiker experiment in August of 1997. The goals of the experiment were to test uncooled array detectors for infrared spectral imaging from space and for the first time retrieve brightness temperatures of cloud, land and sea along with direct laser measurements of cloud top height from a space platform. The instrument operates in 3 narrow and one broad spectral band, all between 7 and 13 microns in either stare or time-delay and integration mode. The nominal spatial resolution was % kilometer. Using onboard calibrations along with periodic views of deep space, radiometric calibration of imagery was carried out and performance analyzed. The noise equivalent temperature difference and absolute accuracy reported here varied with operating mode, spectral band and scene temperature but were within requirements. This paper provides a description of the instrument, its operating modes, the method of brightness temperature retrieval, the method of spectral registration and results from the flight.
INTRODUCTION
We report the results for the flight of the Infrared Spectral Imaging Radiometer (ISIR) on NASA's Space Shuttle mission STS-85 in August 1997. ISIR is the first spaceflight instrument to use an uncooled microbolometer array (MBA). The instrument obtains radiometrically calibrated earth imagery in several narrow spectral bands in the thermal infrared. The purpose of the ISIR program was to demonstrate and test the applicability of uncooled MBA detectors to spacebome radiometric sensors and to apply retrieval of thermal IR brightness temperatures of clouds, land and ocean in several selected spectral bands at high, '/4 kilometer, spatial resolution. ISIRs scientific mission was primarily to image clouds from Shuttle orbit, giving such information as cloud top temperature and classification, and to provide data sufficient in quality to discriminate cirrus cloud particle type by split window analysis. A unique aspect of ISIR's mission was that it obtained cloud imagery simultaneous with direct vertical cloud height information obtained with the Shuttle Laser Altimeter (SLA), a Goddard laser altimeter flown along side ISIR. The overall goal of the ISIR program was to explore the technology of using uncooled detector arrays in IR sensors and realize the potential for more compact and low cost systems.
There are a variety of requirements for imaging from low earth orbits. One current requirement of an operational, earth-sensing, visible and infrared imager is defined by the current Advanced Very High Resolution Radiometer (AVHRR) specifications [ 1,2]. AVHRR's high temporal frequency of observations, coupled with a swath of fi5" off-nadir, results in global imaging about once per day. There have been five bands on the original instruments, two visiblehear visible channels, two split-window thermal infrared channels and a 3.7pm channel. The wavelength resolution is fairly broad, ranging from 100 nanometers for the visible channel and 1 micron for the thermal channels. We see the basic requirement for a low-earth-orbit (LEO) imager as one with possibly incremental increases in spatial resolution or number of bands over current AVHRR instruments. Higher spectral resolution of bands may improve analysis but without increasing data rates. A compact imager with such characteristics would have application on any number of possible multisensor missions, and a polar-orbiting instrument similar to ISIR could be designed by a reasonably straightforward extension of the design flown on STS-85. To obtain a 3000 km swath-width from polar orbit with present MBA technology would require the use of several adjacent MBAs, although future array development may produce single arrays large enough to provide the larger swath width.
There are, however, fundamental questions on the use of an infrared array detector based instrument for LEO imaging. These include meeting sensitivity requirements, calibration accuracy, and the accuracy of multi-spectral image registration. The techniques and issues for all these are very different than for older style imaging radiometers that employ spinning scan mirrors for spatial coverage. The ISIR experiment was intended to address the accuracy, calibration and pixel registration of an uncooled focal plane array imager. Since the shuttle flight experiment, the accuracy and processing of data have been addressed. In this paper we describe the design of the instrument and report on the accuracy of the measurements and data registration.
INSTRUMENT
The To obtain sufficient measurement accuracy, it was necessary to perform frame-averaging and time-delay-andintegration (TDI) to improve the overall signal to noise ratio (SNR). In TDI, the signal originating from a single IFOV is integrated by pixels in successive rows on the focal plane as the Shuttle sweeps along its ground track. The signals from successive pixels are co-added and in the absence of correlated noise, this improves the SNR by the square root of the number of pixels in TDI. ISIR was designed to be flexible, operating either with 10 or 40 rows in TDI, or in stare-mode. In stare-mode, ISIR was capable of averaging 10 or 40 frames directly as well as acquiring only single frames.
The basic mechanical design of ISIR is shown in Figure 1 . Its configuration inside the Hitchhiker canister is shown in The scene is viewed through the ZnSe window in the Hitchhiker canister (maintained with dry nitrogen at atmospheric pressure throughout the mission). A fast, W0.73, 50" focal-length compound lens, optimized for the 8 to 14 micron waveband, images directly onto the focal plane. Spectral selection is achieved by means of a rotating filter wheel containing four band-pass filters. The filter wheel is mounted directly above the focal plane. The four spectral filters are 1 -inch diameter germanium/ZnSe multi-layer interference filters. Because the 1 . O micron spectral bandwidths are not particularly narrow, the effects of the fast optical system on band center, shape and width of the three narrow band filters were calculated to be in acceptable limits. The MBA is covered with a thin germanium window which seals the package hermetically.
The onboard calibration system of ISIR was designed to provide one-or two-point calibrations during routine operation.
There is an onboard blackbody, whose temperature is controlled by a stack of thermoelectric coolers. It is mounted off-axis and during calibrations a moveable calibration mirror projects its image (out of focus) through the lens assembly onto the focal plane. During data-takes the calibration mirror is stowed off-axis. The overall optical transmission in any band is the product of the transmissions of all the transmitting elements in either calibration or data modes (during calibrations the ZnSe window is obscured from the view of the array by the calibration mirror).
The ISIR electrical system consists of the electronics assembly and drive motors along with the necessary wiring connectors and cable harnesses to connect these subassemblies to each other, to the data tape recorder, and to the Hitchhiker remote interface unit (HRIU). ISIR, as a Hitchhiker payload, was provided by the HRIU with electrical power for the sensor and the auxiliary heaters, and the signal interface with the ground station. The HRIU signal interface provided a bi-level command to power ISIR on and off, an asynchronous low-rate data stream conveying operational commands up to ISIR and housekeeping data down to the ground station, and a medium-rate data link for relaying image data to the ground station.
The readout electronics were based around a LMIRS prototype uncooled IR imager detectorkamera module. They are housed in a compact electronics module directly above the optics module, and directly below the electronics assembly. The ISIR electronics assembly consists of 7 printed-circuit boards and two camera-electronics signal processing boards. The Integrator Board provides the interface with the detector module electronics and performs real-time TDI and frame averaging. The Calibration Processor Board contains a V25 microprocessor and memory to calculate and store the gain and offset coefficients for each pixel in each spectral band. The U 0 Processor Board contains the V25 microprocessor and the control and data interfaces. The Hardware Driver Board contains the drivers for the filter wheel stepper motor, the calibration mirror motor, the electronics-housing fan, and the blackbody. Two Power Supply Boards generate the required voltage forms from the 28 V input power provided by the HRIU.
Four auxiliary, 20 Watt Kapton strip heaters were mounted in the Hitchhiker canister to maintain the temperature above 0°C on orbit. ISIR housekeeping data was recorded by the data tape recorder, and periodically telemetered down to the ground station during the STS-85 mission. Housekeeping data included voltages, currents, and the temperatures from 21thermistors located in the instrument subassemblies. These housekeeping temperatures are used to calculate the instrument radiation background.
The ISIR data system consists of two large-capacity 8mm tape recorders (Exabyte-8505C) capable of storing 14GBytes of data when compressed at an average 2:l compression ratio. This tape recorder was space-qualified by the manufacturer to withstand the stresses of launch and landing. ISIR data was also relayed to the ground station during the STS-85 mission via the medium-rate data link provided by the HRIU. ISIR data rates range from 83 to 246 KBytes/sec depending on the number of rows in TDI and the operating mode.
EXPERIMENTAL
In each mode and spectral band, laboratory and flight measurements were made of: ISIR system response (pixel gains and offsets); response linearity; SNR and NETD, signal drift over time, and spatial uniformity after gain and offset corrections. Calibration and performance data and scientific imagery were obtained in the following modes and formats: 1. Single 327x240 pixel frames in camera mode 2. Averages of 10 and 40, 327x240 frames in camera mode ("Cam-lo" and "Cam-40" modes respectively) 3. Push-broom images with either 10 or 40 rows in TDI ("TDI-10" and "TDI-40" respectively). The TDI-IO images were comprised of 327x90 pixels, and TDI-40 images of 327x204 pixels.
Pre and post flight laboratory tests and analysis were an important part of the mission. In the various modes and spectral bands, response linearity and noise measurements were made using a commercially available (Electro-Optical Industries, Inc.), l0-inch square aperture, precision laboratory blackbody and a liquid nitrogen target. The blackbody is operable between 15 and 50 C with 0.001 C temperature uniformity and stability. ISIR was placed so that the blackbody filled its field of view. It recorded image frames for approximately 5 minutes at each of six temperatures from 15 to 40 C. A cold (77 K) external calibration source was provided by a pan of liquid nitrogen placed directly on the floor beneath ISIR, and which ISIR viewed at nadir. (For all laboratory and flight measurements the 1-inch thick ZnSe window was in place.) Two-point calibrations, using the LN2 target and the ISIR onboard blackbody, were performed before and after recording frames at each of the six temperatures from 15 to 40 C. Each change in the external blackbody's temperature was preceded by a single point calibration using the ISIR onboard blackbody. Using the average of three frames at each temperature, the noise, gain and linearity of response of each pixel was determined.
During the Shuttle flight, ISIR was mounted in the Hitchhiker canister on a shuttle bridge structure straddling the payload bay ( Figure 3 ). ISIR was mounted to the bridge with its optical axis at right angles to the shuttle longitudinal and lateral axes, so that with the payload bay doors open and the shuttle in an inverted attitude, it was nadir viewing. The shuttle flew a high-inclination orbit (57 degrees) during the STS-85 mission. The orthogonal axes of the focal plane were aligned to within 0.1 degrees of a predetermined angle with the shuttle longitudinal and lateral axes. This angle helped to compensate in part for the lateral image smearing caused by the earth's rotational motion, a significant source of potential image smearing at high latitudes.
In TDI each image was built up in a band-sequential manner with the filter wheel rotating. The success of TDI depends in part on the accuracy with which the same ground area can be sampled by the pixels whose signals are co-added. The requirement was to obtain less than 1/8 of a pixel smear in our highest resolution mode. The stability of the shuttle platform is very important in this respect; shuttle roll, pitch and yaw cause misregistration of pixels in TDI. The velocity/height ratio (V/H) of the platform must also be related to the frame rate at which successive images are acquired. The camera provided by LMIRS operates at a fixed 60 Hz frame rate. In order to match the frame rate to the Shuttle V/H, the approach was to discard every other frame to achieve an effective 30 Hz frame rate. Hence although 33.34 milliseconds were required to acquire each image frame, the actual integration time was only 16.67 milliseconds. In order to minimize image smearing during the TDI-40 imaging experiments, the shuttle had to be at 141 +/-3 nautical miles altitude in order to match the V/H to the frame rate. The shuttle had to execute yaw correction maneuvers to compensate for the earth's rotational motion, as the tangential velocity of the IFOV resulting from the earth's rotation varies with latitude. Hence it could not be completely eliminated by a single angular correction to the orientation of the focal plane. These maneuvers resulted in cross-track image smear in TDI-40 of less than 1/8 IFOV.
During the STS-85 mission, ISIR was afforded the opportunity, via many shuttle attitude adjustments required to support the other 14 experiments on STS-85, to view deep space just prior to and just after earth-viewing datatakes. These views of space provided a uniform low temperature target for a two-point calibration. The calibration method adopted was to use the deep space view and the onboard blackbody at ambient temperature to perform two-point calibrations every 30 to 60 minutes, bracketing each data-take. Then during the data-take, onepoint calibration scenes were performed every five minutes using only the onboard blackbody.
By means of the two-point space calibrations the pixel gains and offsets were updated before each data run. The one-point calibrations that bracketed the data takes at fiveminute intervals were used to do a linear interpolation of the pixel offsets for images acquired during each data take. The brightness temperatures were obtained from these offsets and gains.
The design and execution of the imaging experiments carried out with ISIR on the shuttle STS-85 mission was previously described by Spinhirne [4] . During the flight mission, a total of 58 hours of earth viewing imagery were obtained. Typically, the data were acquired in blocks of 2 to 4 hours of continuous operation. Over ten hours of data were taken with active shuttle attitude control to allow test of the high spatial resolution imaging. The other alongtrack imaging was taken with flight parameters sufficient for ?h pixel control on image smear. All of the along track imagery was taken in conjunction with SLA to provide direct laser cloud height measurements. Four hours of operation were acquired with the instrument operating in direct frame mode rather than TDI to test stereo imaging.
ANALYSIS OF PERFORMANCE
The microbolometer detector array used in the first hitchhiker experiment was an early test unit. It had a significant number of defective pixels, approaching 30%, and had less uniformity and greater noise than later and current models of the detector. Further, it contained two bad rows near the center of the field of view, and two bad rows at the very top of the frame. There were no "out" columns. There were defective pixels: 6018 (or 8.3% of 78480 pixels) were "dead (permanently pegged at the middle of the range), and another 480 were "hot", or pegged at the top of their range. Finally, a small number of pixels were neither dead nor hot but had pathologically low gain. In spite of this, however, high quality imagery was obtained from laboratory and flight testing.
The process by which the effects of these bad pixels are removed from the resulting imagery is straightforward. For example, some of the sub-pixels whose signals are coadded during TDI are dead. But, because the location of these bad sub-pixels is fixed and known, their effects can be removed by multiplying each TDI pixel by an effective gain and offset. These gain and offset values are determined from the number of contributing bad subpixels. All noise analysis and calibration is done after the effects of bad pixels have been removed.
The LMIRS MBA camera came with a table of pixel gains stored in memory. However, the inclusion of an on-board blackbody in JSIR and periodic views to cold space made it possible to monitor these gains during the STS-85 missions. In analysis of all image data, pixel gains were recalculated from the most recent calibration cycle rather than using those stored in memory. The calibration cycle included a measure of the blackbody every 5 minutes and a measure of cold space every 1 to 2 hours.
As expected, NETD was found to be a function of scene temperature, spectral bandwidth, the number of integrated frames, and the number of pixels used in the TDI. It was also found that increasing the amount of frame averaging or the number of pixels used in the TDI beyond about 10 failed to improve the achieved NETD. That is, the SNR achieved with TDI-40 was no better than that achieved with TDI-10. The existence of this upper limit was an unexpected result and is thought to be due to correlated row and column noise, which does not improve with signal integration and averaging.
The response linearity of ISIR was evaluated during postfight laboratory measurements in both the single frame and TDI-40 modes. This was done using a commercially available, 10-inch square aperture, precision laboratory blackbody operated at 5 temperatures ranging between 288 K and 3 13 K. In addition, a pan of liquid nitrogen provided an additional calibration source at 77 K. In both TDI and single-frame modes, the response of ISIR to flux is found to be very linear over these temperatures. The slope of the response line gives a gain which, in the broadband channel, is 1 . 5~1 0 '~ counts/Watt. This value is in agreement with those reported by the manufacturer of the array. This linearity response justifies the use of a two-point calibration to find gain, and the use of a one-point calibration to update the offset.
The sensitivity performance of the radiometer can be summarized as follows. The observed NETD from preand post-flight testing were approximately two to four times the limit specified for the imaging requirement of O.lK. The achieved NETD did not reach the desired requirement because of correlated row and column noise.
An NEP of approximately 40 pW is inferred for the microbolometer array as is a D* of approximately lo9 cm(Hz)"*/W. These results are consistent with the quality limitation of the early pre-production detector used for the first ISIR flight mission. When translated to the much better MBA detectors now available, the imaging radiometric precision requirement would be met. Additionally, from post-flight laboratory measurements, calibration accuracy appears to be within 0.lK.
Band-to-band registration of the ISIR TDI along-track imagery data is accomplished in a much different manner than is the registration of imagery data obtained from more conventional radiometers such as the AVHRR and MODIS instruments. Whereas the AVHRR and MODIS instruments view the ground scene in all bands simultaneously, thereby accomplishing the registration, the ISIR instrument uses a filter wheel to view the ground scene through each band sequentially. As such, a common ground scene is observed at slightly different times in the different bands. This latter approach to acquiring multispectral data requires that the band-to-band registration be performed during post-processing. Registration is accomplished using ground-track information provided for STS-85.
To make this approach of post-processing registration practical, special steps were taken to control the groundtrack of the shuttle during the acquisition of the imagery data. In particular, a 10-hour period was included in the STS-85 mission during which the shuttle was operated in a special steering-mode that continually adjusted its yaw to counter the changing contribution of the Earths rotation with latitude to the ground velocity vector. These attitude adjustments maintained shuttle pointing to within 1/10 degree and constrained all motion of the image scene to the dimension of the detector in which the TDI takes place. Knowledge of the mission elapsed time, latitude, and longitude of the ground track provide the average ground speed and thus the distance the ground scene has moved in the along-track direction in the intervening time between two images. Since this motion is constrained to one dimension band-to-band registration is straightforward.
However, one difficulty encountered with the band-to-band registration of the ISIR multi-spectral imagery data results from restrictions imposed by using a fixed frame readout rate. The importance of being able to vary the frame readout rate when acquiring imagery data becomes apparent when one considers that the shape of the Earth is an oblate spheroid. Hence, even though the shuttle orbit is circular the altitude of the shuttle changes by approximately 15 km twice per orbit. This results in a change in the velocitykeight ratio and subsequently the required frame rate for exact surface registration. A variable frame readout rate was planned in the initial design requirement of the ISIR instrument but could not be implemented in the first flight version.
The effective frame readout rate for the ISIR detector was fixed at 30 Hz. However, for exact surface registration the required frame rate ranged between 29 and 31 Hz, depending upon where the shuttle was in its orbit. Use of a fixed frame rate has the undesired effect of producing imagery where the amount of overlap between subsequent images of a common wavelength varies by as much as 14 pixels twice per orbit. This becomes an important consideration for contiguous imaging and also means that the image registration can be no better than ?h pixel. For the ISIR measurements this systematic uncertainty in the image registration dominates the uncertainty in the registration caused by shuttle instability. Overall for the initial ISIR test flight the pixel registration error is as large as ?h pixel for a single-layer cloud scene. This is larger than the typical '/4 pixel requirement stated for operational imagers. A variable image frame rate would mitigate this effect.
IMAGING RESULTS
The goal of the ISIR experiment is to investigate the utility of using uncooled array detector technology for earthsensing missions in low earth orbit. In so doing, it was designed to provide infrared spectral imagery from space with sufficient quality to extract cloud top temperatures and classification and provide a means of discriminating cirrus cloud particle type. In addition, the ISIR experiment provided a unique opportunity for retrieving brightness temperature measurements of clouds, land, and sea simultaneous with direct-detection measurements of cloud top height from a space-based lidar system. An example of the data collected during the ISIR experiment is shown in Figure 4 . Here, the cloud image seen in the top panel is a compilation of six individual frames, each acquired in TDI-40 mode and registered according to the method described above. These data have been calibrated in units of brightness temperature and a grey-scale indicating the range of observed temperatures is shown. Data obtained simultaneously using the Shuttle Laser Altimeter are shown in the middle panel. These data show the utility of simultaneous direct-detection of cloud top altitude by revealing that part of the image scene is actually composed of two distinct cloud layers located near 4 and 6 km altitude. Thus, these direct-detection measurements remove much of the ambiguity that commonly exists in imagery data between cloud height and cloud optical depth. The bottom plot includes the temperatures measured along the SLA ground track and, together with the middle plot, shows the relation between cloud height and temperature for this scene.
As stated, one of the goals of the ISIR experiment is to test the utility of using imaging radiometers based on uncooled, microbolometer array technology for providing data useful in discriminating cirrus cloud particle type. The discrimination of cirrus cloud particle type is typically done using an approach known as the split-window technique [6]. In the split-window analysis a comparison is made between the measured brightness temperatures in the 10.8 and 11.8 um bands to the results of radiative transfer calculations that simulate the upwelling brightness temperature as a function of optical depth and cloud particle size. The optical properties of cirrus clouds vary spectrally over this thermal infrared window region and it is this variation that is exploited to remotely sense both particle size and cloud optical depth uniquely. The results The focus of the current work is on evaluating the utility of the ISIR imagery data, such as that seen in Figure 5 , for use in the split-window retrieval analysis rather than on necessarily reporting retrieved particle sizes and optical depths. Hence, in keeping with this focus, Figure 6 shows the difference in brightness temperature measured between the 10.8 and 11.8 um bands, plotted against the measured 10.8 um brightness temperature. The cloud scene used to generate these data is displayed within the highlighted region of Figure 5 . As is seen in Figure 6 , the data form a parabolic arch which is characteristic of predictions arising from the split-window analysis. The left side of the arch is formed by pixels that contain large optical depth cloud features and are representative of the cloud top temperature. The right side of the arch is formed by pixels in the cloud scene that have a small optical depth and thus reflect a brightness temperature approaching that of the Ocean below. The amplitude of the arch contains the information regarding the effective particle size of the cloud. Larger amplitudes correspond to smaller particles.
The appearance of the well-formed arch in Figure 6 is strong evidence that the data collected during the ISIR experiment are of sufficient quality as to be suitable for use in a split-window analysis. However, some discussion of the scatter in these data is warranted. The scatter seen in the data of Figure 6 has three sources: the precision of the temperature measurements, the accuracy of the band-toband image registration, and the scatter in the cloud particle size that makes up the chosen cloud scene.
The importance of the first of these sources, that is the precision with which a difference in brightness temperature can be measured, is gauged by performing an identical analysis on imagery of the on-board calibration source. These results are shown in the insert in the top left corner of Figure 6 and are independent of image registration error. By comparison with the cloud data, it is apparent that the majority of the points forming the arch lie within a band described by the width of the data shown in the insert.
The importance of the second source of scatter in these data, that is less than perfect band-to-band image registration, is explored by comparing Figures 6 and 7. The data of these two figures have been processed identically with the exception that the band-to-band registration of Figure 7 has been offset by one pixel. As a result the data exhibit an increased amount of scatter and the parabolic arch that reveals the particle size in the splitwindow analysis begins to become lost. Additionally, the scatter that is introduced appears in a distinct pattem, preferentially increasing in regions of moderate optical depth such as near 270K. Close examination of the data in Figure 6 also reveals indications of this same pattem, although, to a lesser extent. Hence, scatter in the data of imperfect band-to-band registration of the data and not scatter in the particle size of the cloud scene. Overall, for a single-altitude cloud layer, results from split-window analyses using ISIR imagery data will be limited by the precision of the temperature measurement, rather than the accuracy of the image registration.
SUMMARY
The ISIR Shuttle hitchhiker experiment successfully demonstrated the use of an uncooled array detector for a space borne imaging spectroradiometer. Limitations were the use of a very early pre-production detector and designing a versatile multi-purpose instrument at low cost and short schedule. Issues addressed were the potential accuracy of measurements, calibration, and the factors affecting pixel spatial resolution and multi-spectral registration. The basic measurement requirements were ?A km spatial resolution, 0.1 K brightness temperature and calibration accuracy, and multi-spectral registration to 1/8 pixel. The failure to completely meet these requirements can be directly related to the low quality of the prototype detector and would be overcome with the use of current commercial detectors. For the NETD performance the most significant problem is correlated row and column noise which cannot be reduced by the direct frame and TDI averaging as employed on the ISIR instrument. In order to obtain optimal multi-spectral registration, a variable TDI frame rate would be implemented in following applications of the instrument.
ISIR applied filter wheel spectral selection to obtain multispectral imagery. The filter wheel design kept costs within limits and provided an instrument for the flexibility of both along-track spectral imaging and camera mode frame imaging. The camera mode imaging was used in special sensing experiments not reported here. As an outgrowth of the ISIR project, an engineering model of a second imaging radiometer using uncooled microbolometer array technology is being developed. This instrument takes advantage of stripe filters to replace the filter wheel approach.
In spite of the limitations described above, the ISIR data from STS-85 are adequate for science analysis. Thus, a unique global data set of multi-spectral IR imagery at ?h km resolution that is supported by direct measurements of cloud top heights from the Shuttle Laser Altimeter was obtained. The data will be used to test satellite cloud retrieval techniques. An additional flight of ISIR, with an improved MBA detector, and the SLA is planned. Prior to this his research focused on developing atmospheric remote-sensing techniques and ground-based instrumentation that utilized several regions of the visible and infrared spectrum to glean information from the Earth's atmosphere. In so doing, he has measured atmospheric properties ranging from ozone abundance in the troposphere to atomic oxygen and hydrogen density in the thermosphere and exosphere respectively.
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